Background: Gelatin tannate, a gelatin powder containing tannic acids, is commonly employed as an intestinal astringent. Neither information nor animal model exist to confirm its efficacy or unravel mechanisms of action. Objective: To evaluate the action of gelatin tannate in murine dextran sodium sulphate (DSS)-induced acute colitis. Methods: Mice were exposed to DSS and received gelatin tannate by gavage. At sacrifice, colon histological degree of inflammation was assessed. Stool samples were cultured for microbiological analysis. Colon samples were analysed by twophoton confocal microscopy and atomic force microscopy. Elisa was performed on murine serum to assess lipopolysaccharide and peptidoglycan levels. Results: Gelatin tannate treatment reduced disease activity, bodyweight loss, and preserved colonic length. It produced a decrease in the amount of enterobacteria and enterococci. At confocal microscopy, intestinal samples from healthy and treated mice displayed similar structure in mucus layer thickness and composition; samples from placebo group had no mucus layer or a thinner stratus. Atomic force microscopy confirmed these findings. Treated mice showed lower blood LPS levels vs. control. Conclusions: Gelatin tannate decreased the severity of colitis. Acting as a gut barrier enhancer, it re-establishes gut homeostasis by recovering intestinal permeability and mucus layer integrity in gut mucosa and by modulating microbiota composition.
Introduction
The intestinal barrier represents a functional unit responsible for two main tasks crucial for survival of the individual, allowing nutrient absorption,and defending the body from penetration of unwanted, often dangerous, macromolecules. The gut mucosa is a multilayer system consisting of an external 'anatomical' barrier and an inner 'functional' immunological barrier. 1 Commensal gut microbiota, a mucous layer, and the intestinal epithelial monolayer constitute the anatomical barrier. The deeper, inner layer consists of a complex network of immune cells organized in a specialized and compartmentalized system known as gut-associated lymphoid tissue. The interaction of these components sustains the maintenance of the delicate equilibrium of intestinal homeostasis and gut permeability. Many factors can alter this balance, including modifications of the mucus layer, alterations in the gut microflora, and epithelial damage, leading to increased intestinal permeability and translocation of luminal contents (i.e. lipopolysaccharide, peptidoglycan) to the underlying mucosa. The integrity of these structures is necessary for the maintenance of normal intestinal barrier function and dysregulation of any of the aforementioned components have been implicated in the pathogenesis of inflammatory bowel disease (IBD), and also of many other gastrointestinal disorders, including infectious enterocolitis, irritable bowel syndrome, small intestinal bowel overgrowth, and allergic food intolerance. [2] [3] [4] Inflammatory bowel diseases, such as Crohn's disease and ulcerative colitis, are chronic, relapsing inflammatory disorders of the digestive tract resulting from a loss of homeostasis between the intestinal immune system and the intestinal microbiota in genetically predisposed individuals. 5 Several lines of evidence suggest that an increased intestinal permeability due to the disruption of the intestinal barrier plays a central role in their pathogenesis. 6, 7 The mucus layer is the first physical barrier that bacteria meet within the intestinal tract. It provides protection by shielding the epithelium from microorganisms and harmful antigens, while acting as a lubricant for intestinal motility. It consists of two layers: an inner layer, firmly adherent to the epithelial cells, and an outer nonattached layer. 8 These mucus layers are organized around the highly glycosylated MUC2 mucin, forming a large net-like polymer that is secreted by the goblet cells. The inner mucus layer is dense and does not allow bacteria to penetrate, thus keeping the epithelial cell surface free from bacteria. This compartmentalization seems to be fundamental for the homeostasis in the highly colonized colon. Break and loss of the barrier formed by the inner mucus layer trigger inflammation and development of colon cancer, as shown by dextran sodium sulphate (DSS)-induced model of murine colitis. [9] [10] [11] DSS-induced colitis represents a T-cell-independent, chemically induced model of epithelial damage and acute inflammation, primarily driven by innate immune responses. It has been recently shown that DSS directly affects gut epithelial cells of the basal crypts, disturbing the integrity of the mucosal barrier. 12 It exerts its action by causing a fast alteration in the mucus permeability and a disruption of the mucus biophysical structure. Thus, it allows bacteria to enter and penetrate the inner mucus layer. Once bacteria come in contact with the epithelial cells, enter the crypts, and are taken up by epithelial cells, gut-associated lymphoid tissue is triggered to react against also relatively harmless commensal bacteria and to cause an inflammation reaction. 13 Several studies focused on the clinical improvement of acute DSS-induced colitis by using probiotics and antibiotics in order to modulate the commensal microflora. [14] [15] [16] [17] [18] [19] On the other hand, this model is a useful way to evaluate those factors that can modulate the anatomical and functional health of the gut barrier, by acting not only on the gut microbiota, but also on the recovering of the mucus layer.
In this scenario, gelatin tannate, a combination of tannic acid (penta-m-digallolyl glucose), and gelatine could be able to create a protective film, forming bonds with the mucin and, thus, protecting the gut from the aggressive penetration of commensal bacteria. Tannins are widely distributed throughout the plant kingdom. Since tannic acid is one of the principal tannins, the term tannin is ordinarily used as a synonym for tannic acid. Gelatin is a collagen derivate, which is ingested as a powder insoluble at gastric acidic pH and becomes a gelatin with the increase of pH to over 5.5. 20 Gelatin tannate is commonly employed as an intestinal astringent and present in the market with various names, such as tanagel, gelenterum, or tasectan. 21 This complex passes through the stomach unaltered to dissolve into gelatine and tannic acid once in the gut, where it may exert its action by restoring the physiological function of the intestine. Furthermore, the well-known astringent properties of tannins allow the precipitation of proinflammatory mucoproteins from the intestinal mucus and their elimination through the faeces. 22, 23 Nevertheless no information exists regarding in vivo studies and no animal models have been used to confirm its efficacy or unravel further mechanisms of action.
In the present study, we evaluated the therapeutic effect and mechanisms of action of gelatin tannate using the DSS-induced acute colitis mouse model. Gelatin tannate significantly ameliorated disease severity. This was assessed through clinical and histological parameters. Gelatin tannate reduced not only the disease activity index (DAI) and the loss of bodyweight, but also the histological score used to evaluate the colitis. In addition to these findings, we assessed a modulation of the microflora composition, a restoring of mucus layer and, consequently, of gut permeability. These findings confirmed the efficacy of gelatin tannate from a mechanistic point of view. Gelatin tannate seems to act as a protective film and shows how the mucus layer recovering, beside the gut microbiota modulation, can be a useful weapon to re-establish the physiological intestinal homeostasis after an acute injury.
Materials and methods

Gelatin tannate
Gelatin tannate (Gelenterum; ACRAF, Italy) is composed of tannic acid and gelatin. The gelatin used is a type-A or acid gelatin with a dissolution pH of 5.5 and a Bloom gel strength of 40-60 g (viscosity of 27 mP). Gelatin is a pure natural protein, easily digested, with no cholesterol, odour, or flavour. Gelatin contains 84-90% collagen protein and 1-2% mineral salts, and the rest is water. The protein is composed of 18 amino acids (25.5% glycine, 8.7% alanine, 2.5% valine, 3.2% leucine, 1.4% isoleucine, 0.1% cysteine, 1% methionine, 2.2% phenylalanine, 18% proline, 14% hydroxyproline, 0.4% serine, 1.9% threonine, 0.5% tyrosine, 6.6% aspartic acid, 11.4% glutamic acid, 8.1% arginine, 4.1% lysine, 0.8% histidine).
Experimental acute DSS colitis
C57/BL6 mice received 2,5% DSS in drinking water ad libitum for 7 days. They were treated with 1 or 10 mg gelatin tannate or saline, given once daily by gavage, starting day 3 of DSS and for 4 consecutive days. Mice were monitored for bodyweight changes compared to baseline and DAI, a score calculated on the base of presence of blood in faeces, consistency of faeces, and bodyweight loss. At the end of the experiment (day 9), animals were sacrificed, serum was collected, colonic length measured, and then colons were processed for frozen sampling and histology assessment. Faeces were collected and processed for direct culture in selected media just before starting experiments, at day 5, and at sacrifice. As a further control a group of mice received gelatin tannate by gavage at the same time points, but without DSS challenge. Five mice per group were evaluated in three repeated experiments.
Histological assessment
Colon was fixed in 4% formalin and embedded in paraffin. A well-established histological score was used for histological inflammatory assessment. 24 
Gut microbiota assessment
Fresh stool pellets were collected from mice from each group at days 0 and 5 and at the end of the experiment. The specimens were then weighed and homogenized in 1Âphosphate-buffered saline (PBS) to normalize for dry weight of faeces. The homogenized samples were plated in 10-fold-diluted onto trypticase soy agar (Becton Dickinson) and onto MacConkey agar (BioMe´rieux). All plates were incubated at 37 C for 24 h. The colonies were subsequently counted and the results are given as colony-forming units (CFU)/g dry matter. Single colonies were selected for characterization of bacteria by MALDI-TOF mass spectrometry (Bruker).
Two photon microscopy and Atomic force microscopy
At sacrifice, samples of colon were snap frozen. Then, they were analysed using a two-photon emission confocal microscopy in order to evaluate the thickness of the mucus layer. Moreover, we measured the elastic property of tissue by atomic force spectroscopy, as an indirect assessment of the presence and quality of mucus layer.
Elisa for LPS and peptidoglycan assessment
Murine serum was analysed in order to assess lipopolysaccharide (LPS; LAL Chromogenic Endpoint assay; Hycult Biotech) and peptidoglycan (human peptidoglycan ELISA kit; Cusabio Biotech) levels following manufacturer's instructions. Spectrophotometric lecture at 450/540 or 579 nm was estimated by Spectramas Plus 384 (Molecular Devices). The SoftMax PRO program was used for data interpolation.
Statistical analysis
All statistical analyses were performed with the statistical software package STATA version 12.0 (Stata Corporation, College Station, TX, USA). Each result was calculated as the mean AE SEM. Statistical significances between paired and unpaired values were performed using the Student's t-test. p < 0.05 were considered statistically significant.
Results
Gelatin tannate ameliorates DSS acute colitis in mice
Gelatin tannate significantly reduced the DAI and the loss of bodyweight in treated mice compared to controls in a dose-dependent manner, being 10 mg more efficacious than 1 mg dose (both p < 0.05). No difference in mortality was observed. At sacrifice, colon length was measured and a histology assessment by a well-established histological score was performed. Gelatin tannate-treated mice showed a longer colon and a lower histological score, compared to controls (both p < 0.05). Finally, gelatine tannate did not significantly modify expression of MUC2 by real-time PCR (data not shown); however, its use was associated to the recovery of an amorphous layer overlaying the inflamed intestinal mucosa (Figure 1 ).
Gelatin tannate modulates gut microbiota composition in stool samples in colitic mice
To evaluate the impact of gelatin tannate on gut microbiota of treated mice stool samples were cultured for microbiological analysis. There was a decrease in the amount of enterobacteria and enterococci in treated mice (p < 0.05). In DSS-treated mice we observed an increase of total culturable bacteria expressed as log 10 CFU/g faeces. In particular, we noticed the presence of acinetobacteria, which, conversely, were absent in healthy mice (Figure 2 ).
Gelatin tannate preserves intestinal mucus layer appearance in mice
At confocal microscopy, intestinal samples from healthy and treated mice displayed similar structure in mucus layer thickness and composition, while samples from placebo group had no mucus layer or a thinner stratus. Healthy control mice treated only with gelatin tannate did not show any significant modification in mucus layer appearance. Atomic force microscopy confirmed these findings, by assessing the elastic property as an indirect assessment of the mucus layer. Colon samples from healthy and treated mice showed similar elastic property while samples from placebo group had a lower elasticity (Figure 3 ).
Gelatin tannate reduces LPS levels in peripheral blood of colitic mice
At sacrifice, serum samples were taken and then analysed for LPS and peptidoglycan content in all groups. Treated colitic mice showed lower blood LPS levels when compared to control, even if this reduction was not statistically significant. No difference was found in peptidoglycan level among groups (Figure 4 ).
Discussion
In the present study, we evaluated the therapeutic effect and mechanisms of action of gelatin tannate using the DSS-induced acute colitis mouse model. Gelatin tannate significantly reduced the disease activity index (DAI) and the loss of bodyweight in treated mice compared to controls in a dose-dependent manner, 10 mg being more efficacious than 1 mg. Neither difference in mortality was observed. At sacrifice, gelatin tannatetreated mice showed a longer colon and a lower histological score, compared to controls, both signs of a better outcome of colitis, although histology assessment did not differ significantly among treated groups. In addition to these findings, we assessed a modulation of the microflora composition, but mainly a restoring of mucus layer and perhaps, as suggested by the reestablishment of normal values of LPS in serum, of gut permeability.
Indeed, in specific culture, acinetobacteria, enterobacteria, enterococci, and lactobacilli grew at different concentration from stool as well as from intestinal mucosa (data not shown). Furthermore, acinetobacteria were clearly upregulated within the faeces of DSS colitic mice compared to noncolitic mice, and this paper is the first to report this finding.
Gelatin tannate-treated mice showed a lower concentration of enterobacteria and enterococci while no significant differences were found for the other strains. At confocal microscopy, intestinal samples from healthy and treated mice displayed a similar structure in mucus layer thickness and composition, while samples from placebo group had no mucus layer or a thinner stratus. Atomic force microscopy confirmed these findings, by assessing the elastic property as an indirect assessment of the mucus layer. Colon samples from healthy and treated mice showed similar elastic property while samples from placebo group had a lower elasticity. Finally, lower blood LPS levels in treated mice compared to controls further demonstrated the re-established shield activity of the mucus layer.
On the base of the experimental design, gelatin tannate has shown an ability to ameliorate acute colitis in mice, by reducing the direct damage due to DSS exposure and also promoting the early phase of recovery. In fact, mice started to receive gelatin tannate at the third day of DSS, when the colitis was already established. 13 Despite the clinical improvement of colitis, the histological assessment did not correlate with the reduced bodyweight loss and disease activity index and did not show a significant difference between groups. Assessing whether gelatin tannate has a role in recovering from acute colitis in mice would require further investigation, which is beyond the aim of the present paper.
The mucus layer is the first physical barrier that bacteria meet within the intestinal tract. It consists of two layers: an inner layer, firmly adherent to the epithelial cells and about approximately 50 mm thick, and an outer layer, a nonattached layer that is usually approximately 100 mm thick in mouse. 8 In physiological conditions, the sterile inner mucus layer is converted into the outer layer, which is the habitat of the commensal flora. These mucus layers are organized around the highly glycosylated MUC2 mucin. After secretion, the MUC2 mucin network is hydrated and expanded in volume and forms together with other secreted proteins, a well-organized, stratified inner mucus layer. 25 Figure 1 . Gelatine tannate ameliorates DSS colitis in mice. Mice receiving 2.5% DSS in drinking water ad libitum were treated with 1 or 10 mg gelatin tannate or saline, given orally by gavage starting on day 3. Mice were monitored for bodyweight changes compared to baseline (a) and disease activity index (b). At sacrifice, colon length was measured (c) and histology assessment by a well-established score was performed (d). At microscopy (e), samples from gelatin tannate-treated mice showed an amorphous layer overlaying the inflamed mucosa probably due to the action of gelatin tannate. This layer is dense, firmly attached to the epithelium and is insoluble in chaotropic salts. 13 The protein composition is similar in these two mucus layers as formed from a common source of secreted material. The normal bacterial flora resides in the loose mucus, whereas the inner attached mucus is impervious to bacteria and functions as a protective filter for the epithelial cell surface. 26 This compartmentalization seems to be fundamental for the homeostasis in the highly colonized colon. The importance of the mucus barrier was firstly demonstrated in Muc2 À/À mice where bacteria are in direct contact with the epithelial cells and are also found deep in the crypts as well as inside epithelial cells. Break and loss of the barrier formed by the inner mucus layer trigger bacterial invasion, inflammation, and development of colon cancer, as shown by the DSS-induced colitis mouse model. [9] [10] [11] In IBD patients, increased intestinal epithelial permeability precedes clinical relapse by as much as 1 year, suggesting that a permeability defect is an early event in disease exacerbation. 27 The hypothesis that abnormal intestinal barrier function is a genetic trait involved in the pathogenesis of IBD is further supported by the observation that clinically asymptomatic first-degree relatives of Crohn's disease patients may have increased intestinal permeability. 27 While a primary defect of the intestinal barrier function may be involved in the early steps of the pathogenesis of IBD, the production of cytokines, including interferon g and tumour necrosis factor a secondary to the inflammatory process, serve to perpetuate the increased intestinal permeability by reorganizing tight-junction proteins ZO-1, junctional adhesion molecule 1, occludin, and claudin 1 4. 28 In this manner, a vicious cycle is created in which barrier dysfunction allows further leakage of luminal contents, thereby triggering an immune response that in turn promotes further leakiness. 3 In this scenario, gelatin tannate, thanks to its chemical structure, seems to substitute mucus function impairment and re-establish the gut barrier permeability and homeostasis by acting as a gut barrier enhancer and modulating gut microbiota composition. This could explain the clinical and histological amelioration of acute colitis showed respectively by the improvement in bodyweight loss, DAI, and colon length and by the reduced histological inflammatory score. In DSS colitis, the disruption of the mucus biophysical structure allows commensal bacteria to penetrate the inner mucus layer and to activate immune cells. The abnormal response towards normally harmless bacteria leads to an inflammatory state and colitis. As indicated directly by two-photon microscopy and indirectly by atomic force microscopy, gelatin tannate acts as a 'mucus-like' shield for the damaged gut barrier, by creating a protective film over it. This reduces the bacterial leakage and allows the gut mucosal healing process to take place. Furthermore, it has been shown that gelatin tannate reduces the proinflammatory effects of LPS in human intestinal epithelial cells. It is able to inhibit the intercellular adhesion molecule-1 (ICAM-1) expression in LPS-stimulated Caco-2 cells 29 . ICAM-1 is induced on a wide variety of cells by inflammatory stimuli such as LPS. Together with this, adding gelatin tannate at different concentrations induces a dose-dependent inhibition of interleukin 8 and tumour necrosis factor a released by LPS-stimulated Caco-2 cells. Finally, tannic acid is a polyphenolic compound, which includes gallic acid that has been shown to exert potent antioxidant effects. We can speculate that the observed evidence could depend also on this important characteristic of gelatin tannate. On the base of these data, gelatin tannate could represent a helpful tool for blocking the vicious circle that is involved in the altered permeability and exacerbation of IBD.
One limitation of our study is that it was performed in an acute and not chronic model of colitis, which could better represent the pathophysiological alterations observed in IBD. Further investigations are needed to evaluate a possible therapeutic role of gelatin tannate in this disease. However, our model is well recognized for studying initial intestinal barrier impairment and the mechanism of mucosal healing; this study evaluates the beneficiary effect of intestinal permeability modulation, and its primary defect is an early and acute event in IBD exacerbation. Another limit of our study is that we evaluated, for methodological reasons, only four different bacterial families. It will be interesting in the future to assess a hypothetical complete modulation of gut microbiota.
Taken together, our data suggest that not only the microbiota modulation, but also the recovering of gut mucus layer in the course of acute colitis, can decrease the clinical disease severity in mice. The translational therapeutic implications of these concepts are obvious and open new horizons to novel, targeted, and more effective options for patients with colitis and impaired gut permeability.
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